Crystallized polycrystalline barium strontium titanate (Ba 0:5 Sr 0:5 TiO 3 ) thin films have been synthesized on the titanium metal substrates by an environmentally conscious method of hydrothermal synthesis. The films were characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and scanning electronic micrographs (SEM) respectively. The XRD analyses show that the as-grown films are a cubic phase containing a little unidentified phase, which would tend to be a pure cubic phase after being annealed at 600 C for 30 minutes; the XPS analyses reveal that the composition of the as grown Ba 0:5 Sr 0:5 TiO 3 films is agreement with the stoichiometry, and the valences of Ba, Sr, Ti, and O elements of the films are þ2, þ2, þ4, and À2 respectively; the SEM photographs show that the films are condensely synthesized; and the AFM analyses show that the average surface roughness and the root-mean-square (rms) of the film measured are 0.257 mm and 0.323 mm respectively. It is concluded that an environmentally conscious method of hydrothermal synthesis can be used for preparing multi-element oxide thin films.
Introduction
Due to their excellent ferroelectric properties and large permittivity values, Ba 1Àx Sr x TiO 3 (BST) and related ABO 3 perovskite-type thin films and ceramics are very important dielectric materials which are considered to have wide applications in microelectronic devices, including nonvolatile ferroelectric random access memories (FeRAM), dynamic random access memories (DRAMs), microelectromechanical systems (MEMs), microwave devices, multilayer capacitors, piezoelectric actuators, and pyroelectric detectors. [1] [2] [3] [4] [5] [6] [7] Many thin film synthesis techniques have been used to prepare those films. However, conventional synthesis techniques such as physical and chemical vapor deposition methods, and Sol-Gel method, have some disadvantages in the subsequent heat treatment, which lead to unwanted reaction or cracking because of the different thermal expansion coefficients of the substrate and the prepared film. And hydrothermal synthesis, which is one of the Soft Solution Processing (SSP) methods and also an environmental and ecological conscious method, has advantages over conventional film deposition techniques, 8, 9) such as 1) one step (direct) formation of any shaped/sized ceramics and thin films; 2) the lower processing temperature (generally in the range of 100-300 C); 3) relatively high film deposition rate.
The present work was devoted to fabricating the multielement Ba 0:5 Sr 0:5 TiO 3 thin films on Ti metal substrates by hydrothermal synthesis. The films were characterized by Xray diffraction (XRD), scanning electronic micrographs (SEM), X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM). The results show that an environmentally conscious method of hydrothermal synthesis can be used for preparing multi-element oxide thin films.
Experimental Procedures
Hydrothermal syntheses of the Ba 0:5 Sr 0:5 TiO 3 thin films were carried out using the 0.5 dm 3 high-pressure autoclave. Prior to hydrothermal syntheses, titanium (Ti) metal substrates with purity more than 99.9% and dimensions of 10 mm Â 5 mm Â 0:5 mm were degreased in acetone with ultrasonic cleaner for 10 min, then etched in mixture acid for 20 min and finally washed in deionized water with an ultrasonic cleaner for two times. The Ti foil was inlayed in Teflon tablet horizontally so that most part of the foil was uncovered. And then the Teflon tablet was set in the bottom of 250 cm 3 Teflon beaker. The 0.5 mol/dm 3 Ba (OH) 2 solution and 0.5 mol/dm 3 SrCl 2 solution were prepared with boiling deionized water in order to remove the CO 2 , and then quickly mixed in the Teflon beaker, which was immediately put in the high-pressure autoclave. The autoclave was sealed at once. The high-pressure autoclave was maintained at 250 C for 5 h and then cooled to room temperature. After being taken out from solutions, the samples were rinsed with warm dilute HCl solution and deionized water respectively, and then dried for characterization. The Ba 0:5 Sr 0:5 TiO 3 thin films prepared by hydrothermal synthesis were straw yellow in colour.
Results and Discussions

X-ray diffraction analyses of the films
The typical X-ray diffraction (XRD) patterns of the Ba 0:5 Sr 0:5 TiO 3 (BST) thin films prepared by hydrothermal synthesis are shown in Fig. 1 , which shows the patterns of the Ti substrate (a), as-grown BST thin films (b), and annealed BST thin films at 600 C for 30 min (c). From Fig. 1 one can see that the as-prepared BST thin films possess perovskite structure with a typical cubic phase, as indicated by the peaks of (110), (111), (200), and (112) (marked with ''Ã''); however, the films also have a little unidentified peaks, as marked with ''4'' in Fig. 1(b) . After being annealed at 600 C for 30 min, the BST thin films possess almost pure perovskite structure, and all the unidentified peaks disappeared, as shown in Fig. 1(c) .
The as-grown powders and films by hydrothermal synthesis always possess a mixed phase, such as a mixture of cubic, tetragonal, and unidentified phases. [10] [11] [12] [13] As we know, the dominant driving force of nucleation and grain growth is the reacting temperature. For example, our experiments for preparing the BaTiO 3 thin films by hydrothermal synthesis showed that when the temperature is lower than 200 C, the films possess a mixed phase, whereas when the temperature is higher than 250 C, the films have pure perovskite phase. From an environmental point of view, we used relatively soft conditions for preparing the BST thin films, and applied the annealing processes to get the crystallized films.
SEM and AFM analyses of the As-grown films
The scanning electron micrograph of the as-grown Ba 0:5 Sr 0:5 TiO 3 thin films prepared by hydrothermal synthesis is shown in Fig. 2 . It is obvious from Fig. 2 that the films are densely deposited, and the average size of the grains is about 0.3 mm.
In order to compare the surface roughness of the as-grown films prepared by hydrothermal synthesis with that of the films prepared by other methods, such as metalorganic solution deposition technique for Ba 1Àx Sr x TiO 3 thin films, atomic force microscopy (AFM) analyses were used to characterize the surface roughness and morphology of the films. Figure 3 shows the 20 mm Â 20 mm AFM stereo-image of the Ba 0:5 Sr 0:5 TiO 3 thin films. It can be seen from Fig. 3 that the films are compact; however, the surface of the films is not very smooth; the average surface roughness and the rootmean-square (rms) surface roughness of the as-grown films measured are 256.6 nm and 327.5 nm respectively. Comparing with the roughness (about 2 nm) of Ba 1Àx Sr x TiO 3 thin films prepared by metalorganic solution deposition technique, 14) much work should be done for improving the surface roughness of the thin films by hydrothermal synthesis. radiation. Figure 4 gives the wide-scan XPS spectrum of the film in the binding energy range of 1000-0 eV. All of the binding energies at various peaks in Fig. 4 were calibrated using the binding energy of C 1s (284.8 eV). As shown in Fig. 4 , the as-grown BST thin films contain Ba, Sr, Ti, O and C elements, and no impurity element was detected in the spectrum up to 1000 eV except for carbon which may be caused by pumping oil.
The narrow-scan spectra of the XPS peaks of Ba, Sr, Ti, and O elements of the as-grown Ba 0:5 Sr 0:5 TiO 3 thin films are given in Figs. 5(a)-(d) respectively. It can be seen from Fig. 5 that the double peaks for Ba element are at 780.028 eV (Ba3d 5=2 ) and 795.195 eV (Ba3d 3=2 ) [See Fig. 5(a) ], and these binding energies are consistent with the standard values of Ba in BaO (779.65 eV and 795.0 eV). [15] [16] [17] [18] Thus the chemical valence of Ba in Ba 0:5 Sr 0:5 TiO 3 thin films can be firmed to be þ2; the binding energy of Sr3d 5=2 peak is at 133.886 eV, this peak combines with the peak of Sr3d 3=2 (at 135.540 eV) resulting in a broad peak of SrO spectrum (See Fig. 5(b) ); the Ti 2p 3=2 peak had a binding energy of 458.059 eV with a 5.658 eV doublet splitting (Ti2p 1=2 at 463.717 eV) (See Fig.  5(c) ), which is a characteristic of TiO 2 ; and the O 1s peak was located at 530.248 eV (See Fig. 5(d) ), which is agreement with that in Ref. 19 ). The results obtained from XPS analyses confirm that the valences of Ba, Sr, Ti and O elements of Ba 0:5 Sr 0:5 TiO 3 thin films are þ2, þ2, þ4 and À2 respectively. Moreover, the composition of the films obtained from XPS analyses is also agreement well with Sr/(Sr+Ba) theoretic ratio in the starting solution. The composition of the prepared thin films can be controlled by the concentration of the starting solutions.
Conclusion
Hydrothermal synthesis is one of the important Soft Solution Processing (SSP) methods and also an environmentally conscious processing method. We have demonstrated the utility of hydrothermal processing to form Ba 0:5 Sr 0:5 TiO 3 thin films on Ti substrates in Ba(OH) 2 and SrCl 2 solutions at 250 C for 5 h. The films were characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and scanning electronic micrographs (SEM). The XRD analyses show that the asgrown films are a cubic phase containing little unidentified phase, which would tend to a pure cubic phase after annealed at 600 C for 30 min; the XPS analyses reveal that the composition of the as-grown Ba 0:5 Sr 0:5 TiO 3 films is agreement with the stoichiometry, and the valences of Ba, Sr, Ti, and O elements of the films are þ2, þ2, þ4, and À2 respectively; the SEM photographs show that the films are condensely synthesized; and the AFM analyses show that the average surface roughness and the root-mean-square (rms) of the film measured are 0.257 mm and 0.323 mm respectively. From the present work one can see that an environmentally conscious method of hydrothermal synthesis can be used for preparing multi-element oxide thin films.
In order to optimize the conditions of hydrothermal synthesis for preparing oxide thin films, further researches should be done in the future. One of them is to improve the surface roughness of the films, which is now carried out in the authors' group.
